At least three organs (skin, peripheral nerves and the conjunctiva) have been induced to regenerate partially in adults following application of porous, degradable scaffolds with highly specific structure (templates). Templates blocked contraction and scar formation by inducing a reduction in the density of contractile fibroblasts (probably myofibroblasts) and by preventing these cells to organize themselves appropriately in the wound. In contrast, during early foetal healing, myofibroblasts were absent and wounds did not close by contraction but rather by spontaneous regeneration. The adult regenerative process has so far led to imperfect recovery of the physiological anatomy of skin (skin appendages were missing), while early foetal healing has led to apparently complete restoration. Furthermore, the mechanism of the adult regenerative process involves thwarting of myofibroblast function while, during early foetal healing, differentiation of myofibroblasts has not yet occurred. The data suggest that induced organ regeneration in the adult is the result of partial reversion to early foetal healing. If so, the adult may conceal a foetal response that may be subject to activation following application of highly active scaffolds or of other substances or cells.
INTRODUCTION
Limb regeneration in certain amphibians is a spectacular feat by which an amputated limb grows back to its original form and recovers its normal function. It is the prototypical paradigm of regeneration. Very few adult amphibians, and none of the adult mammals, can replicate this feat. Instead, the vast majority of mammals, including adult humans, respond to severe injury by a spontaneous repair process. Repair closes the wound by contraction and synthesis of scar tissue without recovery of the uninjured tissues. In contrast, regeneration closes the wound by synthesis of the missing organ at the original site, yielding a regenerate. Regeneration restores the normal structure and function of the organ; repair does not.
Induced regeneration is the synthesis of non-regenerative tissues in a severely injured adult organ that leads to, at least partial, recovery of physiological structure and function. In clinical terms, it amounts to partial or total replacement of an organ that has stopped functioning due to severe trauma or chronic disease. When an organ can be induced to regenerate, even partially, the patient can be spared most of the problems accompanying alternative procedures that are commonly used. For example, in organ transplantation, the immune response of the host must be suppressed, typically at substantial cost of quality of life or even longevity, for the host; in autografting, the donor site contributes significant morbidity, including severe scarring. These problems are obviated by induced regeneration.
In clear contrast to the adult, the mammalian foetus heals its wounds spontaneously by regeneration, provided that the injury has been inflicted at a sufficiently early stage of gestation, typically before the third trimester. At that stage of development, healing processes undergo an early foetal to late foetal (often called 'adult') transition; the outcome of the transition is a conversion of healing by regeneration to healing by contraction and scar formation. Although not identical to the early foetal response, healing by induced regeneration in an adult is clearly distinct from the spontaneous adult healing response. The data pose the question whether the developmental transition in healing response that occurs during gestation is reversed, at least partially, during induced regeneration. Indeed, the combined evidence leads to the hypothesis that the foetal response is a sort of 'default setting' for healing processes in the organism and that it is partially reactivated when the adult setting is appropriately blocked.
In this article we first review the phenomenology of organ healing in the mammal. The evidence for induced regeneration is then summarized, followed by a discussion of mechanism. The two foetal healing modes, early and late foetal healing, are then discussed and compared to induced regeneration in adults.
PHENOMENOLOGICAL PRINCIPLES OF SPONTANEOUS HEALING PROCESSES

The tissue triad
A useful classification of tissue types in an organ focuses on three tissue types that are present in organs: epithelia, basement membrane and supporting tissue or stroma (e.g. Burkitt et al. 1993) . Persistent, independent observations of adult healing following injury have shown that, in a very large number of organs, excised epithelial tissues and its associated basement membrane regenerate spontaneously following excision while the excised stroma does not (figure 1; for a detailed review of the literature for several organs see Yannas 2001) . Stroma regeneration in an adult occurs, therefore, only if induced by the investigator and, for this reason, it appears to be the central problem in studies of organ regeneration.
The defect closure rule
Even though specification of the products of the healing process as scar and physiological tissue appears, at first glance, to describe wound closure exhaustively, this description omits a critically important quantity: the extent to which wound closure has occurred due to contraction, i.e. the centripetal movement of wound edges. (We define 'contraction' as the quantitative contribution to wound closure, measured at or near the time of closure, of centripetal translation and deformation of perilesional skin; the term 'contracture' has been often used to describe qualitatively the long-term clinical outcome, such as limb and joint deformation, of the wound contraction process.) Quantitative study of the phenomenology of healing reveals the relative importance of the outcome contributed by each process. In order to arrive at a quantitative description of the outcome of the healing process, it is necessary to include data from anatomically well-defined defects and to define the initial state (injury) and final state (wound closure) of the healing process (Yannas 2001) . The contribution to the healing outcome of each of these three processes, contraction, scar formation and regeneration in a given healing response can be represented most simply by explicitly reporting the fraction of the initial wound area that was eventually closed by each process. Even though these three processes occur simultaneously during healing, their relative contribution to the outcome of healing (wound closure) can be measured separately. Thus, while the contribution of contraction to wound closure comes from translation and contraction of perilesional skin in the direction towards the centre of the wound, scar formation and regeneration contribute to wound closure by synthesis of new tissue. This reasoning leads to the defect closure rule which states that wounds close exclusively by the three processes described above, which means that the fractional contribution of all processes add up to 1 (or the percentage contribution adds up to 100)
ð2:1Þ
Here, C, S and R represent the percentage of initial wound area closed by each process. Quantitative methods for separate measurement of each of the above quantities have been described in detail elsewhere (Yannas 2001) .
Representative values of C, S and R from several investigations have been tabulated in table 1. In certain species, such as rodents, which have a mobile integument, contraction accounts for almost all of wound closure; in the human, where the skin is tethered to subcutaneous tissues, contraction accounts for a little more than a third of the closure process. For example, the result of spontaneous healing of a full-thickness skin wound in the dorsal region of the rabbit can be described in the final state by CZ96G1%, SZ4G1% and RZ0 (estimated from data by Kennedy & Cliff 1979) . For simplicity of presentation, the configuration of the final state (closed wound) is enclosed in brackets while the percentage symbol and error limits are omitted, leading to the representation [96, 4, 0] for the above example of rabbit data.
Early mammalian foetal healing occurs with negligible contraction and no scar formation, leading to R Z 100; ð2:2Þ while healing in the late mammalian foetal models and in adult mammals occurs by contraction and scar formation, with no incidence of regeneration during late foetal and adult healing C C S Z 100: ð2:3Þ
During the process of induced regeneration in adults, either C or S or both must be reduced appropriately to accommodate a non-zero value of R.
SPONTANEOUS WOUND HEALING IN SKIN IS COMPARED TO HEALING IN OTHER ORGANS
In this section, we continue to focus on the macroscopic outcome of the spontaneous healing process, rather than on its detailed molecular/cellular mechanism. Rules derived about macroscopic outcomes will then be used to survey healing processes in different organs.
Skin wounds
The large bulk of quantitative data on wound healing in the literature have come from studies with wounded skin which can be studied much more conveniently than other organs. Spontaneous closure of skin wounds in adults occurs by contraction and scar formation. In rodents, where the integument is mobile, contraction is by far the main engine of closure of skin wounds, while scar formation has been shown to be quantitatively much less important. In humans, where the integument is tethered more securely onto subcutaneous tissues, the two processes contribute approximately equally to wound closure (see table 1 for representative data). spontaneous healing of dermis-free skin defect in rabbit dorsum (Kennedy & Cliff 1979) . Values are representative of several adult rodents and lagomorphs [96, 4, 0] spontaneous healing of dermis-free skin defect in the adult human (Ramirez et al. 1969) [37, 63, 0] spontaneous healing of transected adult rat sciatic nerve (Yannas 2001) [96, 4, 0] spontaneous healing of stroma-free defect in adult conjunctiva (rabbit) (Yannas 2001) [45, 55, 0] Induced organ regeneration I. V. Yannas 405
Scar formation in skin wounds appears to be secondary to contraction during healing. Scar formation was nearly abolished when healing processes in skin wounds were manipulated with scaffolds that partially blocked contraction (Yannas 1981; Yannas et al. 1981 Yannas et al. , 1982 Yannas et al. , 1984 Yannas et al. , 1989 . Quantitative measurement of the orientation of collagen fibres in dermal scars by laser light scattering showed that the fibres were persistently oriented in the plane of the wound and along the direction of the major contraction vector of the wound rather than being quasi-randomly oriented, as in physiological dermis (Ferdman & Yannas 1993) . Other findings have demonstrated a relationship between fibroblast axis orientation and orientation of collagen fibres synthesized during healing (Trelstad & Birk 1984) . The combined data have suggested that scar formation amounts to synthesis of oriented stroma by fibroblasts that have themselves been previously oriented in the presence of the mechanical field (primarily a plane stress field in skin wounds) that is generated by the contraction process. Such a mechanism suggests that scar formation should disappear following interference with this mechanical field, as observed when scaffolds that block contraction, even to a relatively minor extent, have been used. Although additional data are required to elucidate these processes further, the available evidence is consistent with the tentative view that contraction, not scar formation, is the main engine for closure of skin wounds (Yannas 2001) .
Wounds in organs other than skin
Contraction has been observed on several occasions in almost all organs other than skin but has very rarely been studied systematically (for review see Yannas 2001) . It is widely recognized that wound contraction results in contractures, strictures and stenosis of various organs (e.g. Peacock & Van Winkle 1976; Rudolph et al. 1992) . Thus, although contraction has been observed in diverse organs, with very few exceptions, quantitative data on organs other than skin are practically absent from the literature. Lack of quantitative reports of contraction has contributed to widespread misunderstanding of the relative importance of this critical healing process in regeneration of adult organs. Emphasis is placed on contraction in this article because it is a basic, although unheralded, tool that can be used to normalize the description and comparison of healing processes across ontogenesis as well as across phyla.
In summary, spontaneous healing in skin as well as in other organs results in wound closure, the result of a generous contribution from contraction of wound edges.
THE ADULT MAMMAL CAN BE INDUCED TO HEAL SEVERE WOUNDS BY PARTIAL REGENERATION
There is accumulating evidence that the healing process of an injured organ in the adult mammal can be modified to yield a partly or wholly regenerated organ.
In almost all such processes the critical 'reactant' supplied by the investigators was a scaffold of one type or another, usually seeded with autologous epithelial cells (Yannas 2004) . The most extensive data on induced regeneration are available with skin. Data with other organs have been presented in a recent volume (Yannas 2005a,b) .
Regeneration of skin
Detailed examples of induced skin regeneration have been described elsewhere (Yannas et al. , 1982 (Yannas et al. , 1984 Murphy et al. 1990; Ferdman & Yannas 1993; Butler et al. 1998 Butler et al. , 1999 Compton et al. 1998) . The data describe the structural and functional similarities and differences among normal skin, scar and regenerated skin in the adult guinea pig and the swine following grafting of dermis-free defects with the keratinocyte-seeded dermis regeneration template (DRT), a scaffold characterized by unusual regenerative activity. DRT is a macromolecular network synthesized as a highly porous analogue of the extracellular matrix. Among other characteristics, regenerated skin is mechanically competent, fully vascularized and sensitive to touch as well as heat or cold. The regenerated dermal-epidermal junction, with its extensive formations of rete ridges and capillary loops (figure 2), leave no doubt that de novo regenerated skin organ is clearly not scar; however, regenerated skin differs from physiological skin in the absence of skin appendages (hair follicles, sweat glands, etc.). Seeding with keratinocytes leads to simultaneous regeneration of a dermis and an epidermis, while grafting of the cell-free template leads to sequential regeneration of dermis and epidermis. The simultaneous process leads to a clinically desirable result within about two to three weeks but is complicated by the need to prepare the seeded template in the clinical setting. The period required for regeneration can be shortened by culture of keratinocytes prior to seeding (Butler et al. 1999) . The sequential process is obviously simpler to implement; following grafting, the template is spontaneously epithelialized from the wound margin or a thin autoepidermal graft is applied on the newly synthesized dermis. However, closure by spontaneous epithelialization is much slower and, especially with large wounds in which the epidermis spontaneously regenerates across large distances, it is often unacceptably slow to be clinically useful.
Although seeding of DRT with autologous keratinocytes, harvested from the reference organ, was required to accelerate the kinetics of organ regeneration, seeding was not required to affect the outcome itself (regeneration versus repair). Neither was seeding with fibroblasts required. Furthermore, studies of skin wounds under the same experimental conditions as above showed that treatment of the wounds with a large variety of growth factors (Greenhalgh et al. 1990; Puolakkainen et al. 1995) or epidermal cell suspensions or epidermal cell sheets (Billingham & Reynolds 1952; Carver et al. 1993) , or with a number of scaffolds based on synthetic polymers (Cooper et al. 1991; Hansbrough et al. 1993) , failed to induce dermis regeneration. These and related observations (for review see Yannas 2001) motivate study of the mechanism, discussed below, by which DRT induces stroma regeneration.
In spite of the lack of skin appendages, the cell-free scaffold that induces regeneration of dermis (DRT) has been approved by the US Food and Drug Administration (FDA) for use with massively burned patients and with patients undergoing plastic and reconstructive surgery of the skin, as described in early clinical studies Heimbach et al. 1988; Stern et al. 1990) . Recently, the cell-free DRT scaffold (Integra) was found to be a very effective treatment, by induction of skin regeneration, for deep skin ulcers in patients (Gottlieb & Furman 2004) .
Regeneration of adult organs other than skin
In addition to skin, confirmed observations of at least partial regeneration, or significant progress in the study of regeneration, have been also reported with the following adult organs: conjunctiva (Hatton & Rubin 2005) , bone (Mistry & Mikos 2005) , heart valves (Rabkin-Aikawa et al. 2005), articular cartilage (Kinner et al. 2005) , urological organs (Atala 2005) , the spinal cord (Verma & Fawcett 2005) and peripheral nerves (Zhang & Yannas 2005 ). The reader is referred to the relevant publications for further details.
ANTAGONISTIC RELATION BETWEEN CONTRACTION AND REGENERATION
The evidence suggests that contraction blocks induced regeneration. Data supporting this view will be reviewed briefly below; an extensive discussion has appeared elsewhere (Yannas 2001 (Yannas , 2005c .
Emerging dominance of contraction with loss of regenerative activity during the early foetal to late foetal transition in mammals
A developmental transition, occurring during late mammalian gestation, leads from healing primarily by regeneration to healing by repair. During this transition closure of the injured site by regeneration is largely replaced by closure based on contraction and scar formation. Detailed observations are summarized below in the section that focuses on the transition from early foetal to late foetal healing.
Gradual replacement of regeneration by contraction during amphibian development
Unlike studies with mammalian foetal models that are hindered by experimental difficulties, healing of a skin defect in an amphibian (anuran) model (North American bullfrog) can be studied in great detail during development, since the organism is accessible to observation without complicated experimental manipulation. During tadpole development, contraction eventually becomes clearly dominant at the expense of regeneration. A small component of scar formation is first observed after metamorphosis of the tadpole to the adult frog; at this adult stage, regeneration has been abolished and contraction accounts for almost all of closure of the defect (Yannas et al. 1996) , consistent with the generalized description of the repair process in adult mammals that possess a mobile integument (see above).
Regeneration is induced in adult mammals following blocking of contraction by use of templates
The skin was the first organ to be induced to regenerate. Grafting of the unseeded DRT, a highly porous graft copolymer of type I collagen and chondroitin 6-sulphate, initially unseeded with cells, onto fullthickness skin wounds in the guinea pig, blocked wound contraction by over 25 days, a dramatic delay (Yannas 1981; Yannas et al. 1989) . When the cell-seeded scaffold was grafted, contraction was not simply delayed but clearly arrested; instead, the wound closed by simultaneous regeneration of a dermis and an epidermis over almost the entire initial wound area (Yannas et al. , 1982 . In a study with rabbits , the conjunctiva was excised through the full depth of the conjunctival stroma (equivalent in depth to a fullthickness skin wound). Tenon's capsule was also excised. The deep wound was grafted with DRT. It was observed that ungrafted wounds closed by contraction and formation of scar tissue, the latter comprising an aligned array of dense collagen populated with occasional fibroblasts. Grafting of cell-free DRT resulted in regeneration of the conjunctival stroma, followed by epithelialization of the stroma .
In studies of the peripheral nervous system, a very common animal model is the fully transected rat (or mouse) sciatic nerve (figure 6). The two stumps, separated by a gap of controlled length, are typically inserted inside a tube fabricated from an experimental material (Lundborg et al. 1982) . In early studies, it was repeatedly observed that the cross section area of the distal nerve stump eventually was reduced by as much as 50-60% (Holmes & Young 1942; Weiss 1944; Weiss & Taylor 1944; Sunderland 1990 ; table 1). A current view of failure to regenerate a transected peripheral nerve is one in which the two stumps close by contraction and formation of neural scar (Yannas 2001) .
Scar formation is secondary to contraction
As discussed above, the rodent data support a view of contraction as the main engine of defect closure while scar formation is viewed as a derivative (secondary) process. In these animal models, contraction clearly dominates scar formation during skin wound closure. Insufficient data are available with humans, with whom contraction is somewhat less important than scar formation as closure mode, to suggest a similar relation between contraction and scar.
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Experimental study of several models of impaired healing of skin wounds has been based on use of pharmacological agents (e.g. steroids), controlled infection, mechanical splinting, or on animal models of genetically impaired healing, such as the diabetic, or obese mouse. In all of these models, contraction was blocked almost completely; yet, regeneration was not induced (see review in Yannas 2001) . Data from these models clearly show that blocking of contraction is not necessarily accompanied by regeneration.
Summary of observed changes in C, S and R
In summary, we consider the change (D) in contribution of each closure mode, C, S and R, associated with changes in experimental conditions and conclude as follows:
DRO 0 and S / 0 requires DC ! 0: ð5:1Þ
The inequalities state that blocking of contraction (DC!0) is required for induced regeneration (DRO0) as well as for the concomitant abolition of scar (S/0). These conditions are, however, not sufficient, since regeneration was not induced when contraction was impaired in several models of impaired healing. Studies of the mechanism of induced regeneration will now be focused on various mechanistic pathways for contraction blocking.
MECHANISTIC PATHWAYS FOR INDUCTION OF REGENERATION
Having highlighted the empirical evidence for an antagonistic relation between contraction and regeneration in adults, we now seek mechanistic pathways that account for such a relation. It has been pointed out in §5 that, although contraction blockade appears to be required, it certainly does not suffice for induction of regeneration. Although there may be a number of reasons, most of them not currently understood, why contraction blockade is insufficient for regeneration, one of these is the clear requirement for an additional step, a step during which the regenerate is being synthesized de novo. A search for mechanism must, therefore, account for the following two steps that appear to be both required and sufficient for induction of regeneration in adults:
contraction blockade C organ synthesis/ regenerate:
6.1. The contractile fibroblast is the main cell type associated with contraction A cell type that plays a key role during contraction will be briefly described below. The differentiated myofibroblast, referred to simply as myofibroblast (MFB) in this article, has been credited with generation of most of the contractile forces in skin wounds (Rudolph et al. 1992; Tomasek et al. 2002; Thannickal et al. 2003) .
Even though MFB may not be the only cell type that participates in contraction (Rudolph et al. 1992; Ehrlich et al. 1999) , the proposed mechanistic pathways are based on the assumption that MFB are indeed the dominant cell type. The specific feature which provides the most useful operational distinction of MFB differentiation is expression of the a-smooth muscle actin phenotype (Tomasek et al. 2002) .
There is considerable evidence that myofibroblast differentiation is regulated by at least one cytokine (the transforming growth factor-beta1, TGF-b1), the presence of mechanical tension and an extracellular matrix component (the ED-A splice variant of cellular fibronectin (Desmoulière et al. 2005) .
Models of the macroscopic contractile
force that closes wounds in skin and peripheral nerves
The macroscopic force to contract a skin wound spontaneously is estimated at about 0.1 N (Yannas 2005a-c) . An individual dermal fibroblast in culture is capable of developing a force of order 1-10 nN (Brown et al. 1998; Freyman et al. 2001) . The number of contractile fibroblasts required to develop the macroscopic force that suffices to close the wound is, therefore, at least 10 K1 N/10 nN Z10 7 cells, suggesting a factor of this magnitude to scale up from cell to organ.
In a simple model of an anatomically well-defined skin wound, contraction results from a plane stress field that is generated by contractile cells with their contractile axes lying in the plane of the wound. The macroscopic force vector, F c , is considered as the product of three contributions: the total number of MFB in the wound, N, the fraction of cells, f, bound to the matrix and capable of applying traction and the average contractile force vector generated per MFB, expressed as the in-plane vector component of the force per cell, f i (Yannas 2005c )
ð6:1Þ Figure 2 . The dermal-epidermal junction of regenerated skin is viewed following immunostaining for Factor VIII in order to visualize the capillary loops inside the epidermal folds (rete ridges) . Neither rete ridges nor capillary loops form in scar.
A similar model accounts for closure of the wounded stumps in a transected peripheral nerve by neuroma formation. A myofibroblast capsule has been observed to surround the nerve stumps as well as the nerve regenerate emanating from the stumps (Chamberlain et al. 2000) . The models for contractile forces developed during spontaneous healing of skin and nerve wounds differ primarily in terms of the geometry of the two organs (planar in skin, cylindrical in nerve).
Reduction of contractile force by scaffolds
Two major mechanisms appear to account well for reduction of the contractile force F c by scaffolds. The first mechanism depends on reduction of the number of MFB, N, while the second depends on reduction of the sum of forces generated by MFB in the wound. Simple mechanical splinting makes no significant contribution to contraction blocking by these scaffolds (Yannas 2005c) . DRT and the template that induces peripheral nerve regeneration (nerve regeneration template, NRT) differ in the processes by which each reduces N; while DRT works by downregulating recruitment of MFB, the NRT scaffold additionally allows MFB to escape from the wound. Downregulation of N by DRT is supported by two observations: (i) MFB comprise only about 10% of the total number of fibroblasts in the presence of the template inside a standardized, severe skin wound, compared to about 50% in its absence (Murphy et al. 1990 ) and (ii) DRT is practically free of collagen banding (without loss of the triple helical structure of the collagen molecule), that is normally required for platelet aggregation in wounds; although platelets adhere on DRT, they have failed to aggregate (Sylvester et al. 1989) . Since, platelet aggregation is an important early source of TGF-b1, itself known to be required for MFB differentiation (see above), the data suggest that DRT contributes to relative depletion of TGF-b1 from the wound (Yannas 1990 ). Another possible mechanism for MFB depletion is based on the observation that TGF-b1 and TGF-b2 bind avidly, though non-specifically, on the extensive specific surface of DRT (Ellis et al. 1997, unpublished observations) ; such binding may contribute further to relative unavailability of TGF-b1 and TGF-b2 in the wound fluid.
The NRT mechanism for reduction of N is based on three observations; (i) the MFB density surrounding regenerating nerves of high quality is very low while being very high around a poorly regenerating nerve (Chamberlain et al. 2000) ; (ii) myofibroblasts have been shown to migrate outward through the wall of cellpermeable tubes fabricated from NRT (Chamberlain et al. 2000) ; and (iii) cell-impermeable tubes in which nerve stumps have been inserted have consistently led to very poorly regenerated nerves while their cellpermeable controls have led to regenerates of high quality (Jenq & Coggeshall 1985a,b) . The available data can be most simply explained by hypothesizing that a scaffold, such as NRT, that facilitates exit of MFB reduces N and eventually attenuates the macroscopic contractile force.
The second major mechanism for contraction blocking, i.e. reduction of the sum of forces generated by MFB, has been observed so far only with DRT. Once having migrated inside DRT and become bound on the extensive surface of the highly porous scaffold, the long axes of MFB lose their in-plane orientation, becoming almost randomly oriented (figure 3). Accordingly, the contribution of the entire cell assembly to the macroscopic force can be reduced to a collection of pairs of vectors that are oriented at opposite directions from each other. In such a random assembly of force vectors the sum of forces, F c , must be near zero. Cells that remain outside the scaffold are oriented in the plane and are free to generate their full contractile force.
The contraction blocking activity of a scaffold clearly depends on its ability to bind most of the contractile cells in the wound; structural features that control cell-scaffold binding should therefore play major roles. For example, fibroblast-DRT binding requires participation of specific ligands, in particular those mediated by the b1 integrins that have been shown (Racine-Samson et al. 1997) to control myofibroblast-matrix binding during contraction. Ligand Figure 3 . The DRT scaffold that possesses high regenerative activity has disorganized the myofibroblast layer inside a deep skin wound. Myofibroblasts (brown stain) were observed inside a full-thickness skin wound in the guinea pig model 10 days after injury. (a) Contraction is proceeding vigorously in this untreated skin wound (negative control). A thick, continuous myofibroblast layer is present at the surface of the skin wound. (b) Contraction has been blocked in this skin wound that was treated with the DRT scaffold. Myofibroblasts are dispersed inside the scaffold 10 days after injury; cell-cell binding is practically absent and the axes of contractile cells are almost randomly arranged in the space of the wound. Stained with monoclonal antibody against a-smooth muscle actin (Troxel 1994) .
(Images reproduced courtesy of M.I.T.)
Induced organ regeneration I. V. Yannas 409 density is another critical feature of scaffold activity; a large concentration of ligands should lead to binding of large numbers of cells on the scaffold, resulting in loss of their ability to scale up contraction forces. At a very small pore size, cells are prevented from entering and binding inside the scaffold; at very large pore size the specific surface is very low, corresponding to low levels of the ligand density. Ligand density is therefore, expected to be minimal at the extremes of pore size. In a homologous series of scaffolds, where scaffold members possess increasingly larger pore size, one should therefore expect that contraction blocking activity should go through a maximum, as observed in the range 20-120 mm ; figure 4).
Isomorphous and synchronous tissue synthesis
Once contraction has been blocked by a scaffold with the appropriate structure the stage has been set for synthesis of the organ. We recall that the critical synthetic step of an induced regeneration process is synthesis of the stroma: once the stroma has been regenerated, the epithelia and basement membrane of the organ can spontaneously be formed as well (Yannas 2004) . Fibroblasts deposit newly synthesized collagen fibres immediately outside their cell membrane, with the fibre axis oriented parallel to the major cell axis (Trelstad & Birk 1984) . It follows that the three-dimensional architecture of fibroblasts at the time of collagen synthesis largely determines the architecture of the new stroma. A scaffold that binds fibroblasts avidly on its surface, as is true of DRT, controls their three-dimensional pattern, as well as their synthetic output and hence the architecture of the resulting stroma. We will refer to stroma synthesized under these conditions as being isomorphous (topographically similar) to the scaffold that controls fibroblast orientation.
The network of collagen fibres synthesized by these cells in DRT is a replica of the dermis, a quasirandom assembly of collagen fibres (figure 5a). Likewise, the porous architecture of a scaffold that has induced peripheral nerve regeneration after being implanted between the two stumps (rather than being used in the alternate experimental configuration of a tubular bridge, as described above) is a porous structure characterized by highly oriented pore channels (figure 5b). A similar architecture characterizes the endoneurial stroma in which nerve fibres are embedded with an orientation along the major axis of the nerve trunk.
There is, however, one more requirement for the desired synthesis: The scaffold has to get out of the way of newly synthesized tissue; the exit has to be timely, otherwise the new tissue will not be formed in a sufficiently large space, leading to synthesis of stroma with incorrect topography. It has, in fact, been observed in skin wounds that when the half-life for scaffold degradation, t d , was much longer than about 21 days, corresponding to the half-life for tissue synthesis during wound healing, t h (very roughly equal to 21 days for the standardized full-thickness skin wound), contraction was blocked but scar formed between the intractable scaffold and the defect. A lower bound also existed since, when t d was much lower than t h , the scaffold did not block contraction. These findings have led to the rule of synchronous tissue synthesis t d =t h y1: ð6:2Þ
In words, synthesis of dermis in skin wounds (regeneration) was observed when the time constants for scaffold degradation and new tissue synthesis were approximately equal . Further support for the requirement for an optimal scaffold duration has been also obtained from data on peripheral nerve regeneration. The data (figure 6) clearly indicate the existence of an optimal scaffold degradation rate of three weeks at which the quality of nerve regeneration is maximized.
In summary, induced regeneration comprises contraction blocking and synthesis of new stroma. Synthesis of stroma appears to require both synchronous and isomorphous replacement: the template is replaced at about the same rate that it is being degraded by newly synthesized tissue (stroma) with similar architecture. This discussion provides a mechanistic justification for the structural determinants of regeneration templates, as summarized in table 2.
TWO CURRENT VIEWS OF THE ONTOGENETIC TRANSITION FROM SCARLESS-TO-SCARRING HEALING
Quantitative data on healing processes in mammalian foetuses have been relatively slow in being reported due The contraction half-life (inverse measure of contraction rate) of a skin wound model (guinea pig) is shown for several scaffolds with identical structure except pore diameter. The half-life reaches a maximum (corresponding to maximum regenerative activity) when the scaffold pore diameter is in the range 20-120 mm. Other scaffolds were inactive .
to experimental difficulties involved in studies of wound healing in foetuses. Although scarless healing is often referred to as 'foetal' while scarring healing is referred to as 'adult', the transition in healing modes takes place in the foetal stage. In what follows, healing by regeneration will be designated 'early foetal' while healing by contraction and scar formation in a foetal model will be referred to as 'late foetal'. Two major viewpoints have been advanced to explain the phenomenon of loss in regenerative activity that is observed during the early foetal to late foetal transition in healing response. The first is focused on the detailed local pathways by which the organism responds to trauma. The second viewpoint takes a systemic view of organismic defences, noting that development of the immune system coincides with loss of regenerative activity and considering the former as a precursor for the latter.
Over the years at least three major differences in local healing responses involved in early foetal and late foetal skin wound healing have been established: healing in the early foetal gestation stages has been characterized by the relative lack of inflammatory response and lack of scarring, increased levels of hyaluronic acid (hyaluronan, HA) synthesis and lack of contraction. It is not clear whether all three of these foetal characteristics are lost simultaneously, i.e. at the same stage of the gestation period for a given organ of the species under study. The loss of each of these three features of scarless healing with increase in gestation age will be reviewed briefly below with emphasis on data from skin wound healing studies, where data are most numerous. The reader is referred to a recent review of foetal healing (Colwell et al. 2005a,b) .
A persistent observation that has distinguished early foetal from late foetal healing has been lack of scarring, typically associated also with various measures of diminished inflammatory response. Investigators have reported various aspects of the cytokine profile before and after the foetal-adult transition. Several cytokines, including platelet derived growth factor (PDGF) (Whitby & Ferguson 1991; Haynes et al. 1994; Olutoye et al. 1996; Peled et al. 2001; Ferguson & O'Kane 2004) , fibroblast growth factor (FGF) (Whitby & Ferguson 1991;  decreasing degradation rate of tube Induced organ regeneration I. V. Yannas 411 Dang et al. 2003) , endothelial growth factor (EGF) (Peled et al. 2001) , vascular endothelial growth factor (VEGF) (Colwell et al. 2005a,b) , various isoforms of these factors as well as occasional receptors have been studied in an effort to elicit information that would implicate one or more of them in the transition from scarring to scarless healing; however, the results have so far been largely equivocal. Much more informative were studies of TGF-b and its three isoforms, TGF-b1, -b2 and -b3. Basing themselves on the early evidence (Roberts et al. 1986 ) that TGF-b upregulates collagen synthesis during wound healing, investigators hypothesized that this family of cytokines may play a major role in scar formation. Two basic approaches have been particularly useful: in early foetal wounds, TGF-b or its isoforms have been exogenously added while, in late foetal wounds, neutralizing antibodies for TGF-b or its isoforms have been added. Studies with models of foetal healing showed that addition of exogenous TGF transformed the early foetal into a late foetal response (Krummel et al. 1988) while, in another study, the size of the scar obtained in an early foetal model was proportional to the amount of TGF-b1 (Sullivan et al. 1995) . In a later study, exogenous TGF-b1 induced early foetal wounds to upregulate expression of the gene for pro-collagen type 1 alpha 1, leading to fibrotic healing in the early foetal model (Lanning et al. 1999) . The reverse phenomenon was also demonstrated in models of late foetal healing. Addition of neutralizing antibody to TGF-b 1, 2 in a late foetal model reduced fibrosis (Shah et al. 1994 ) while addition of neutralizing antibody to each of the three TGF-b isoforms in late foetal wounds showed isoform-specific differences: while addition of neutralizing antibodies to TGF-b1 and -b2 decreased scarring, exogenous addition of TGF-b3 (rather than the antibody) had a similar effect (Shah et al. 1995) . Relatively rapid clearance of TGF-b1 during early foetal healing had been detected (Martin et al. 1993 ) and later studies with well-characterized models of the early foetal to late foetal transition revealed additional details of the ontogeny of expression of the three TGF-b isoforms. In one such study, expression of the three TGF-b ligands (isoforms) as well as their receptors were studied in early and late foetal animals; a sequence of model wounds, ranging from early gestation wounds that healed without scar to late gestation wounds healing with scar were studied. In the scarless (early foetal) model, expression of TGF-b1 was decreased and was rapidly cleared while expression of TGF-b3 was increased and prolonged. Furthermore, in the scarring (late foetal) model expression of TGF-b1 and -b2 was increased and prolonged while expression of TGF-b3 was decreased and delayed. Study of receptor expression gave similar results . The combined data suggest that the transition from scarless to scarring healing which happens during late gestation is under differential transcriptional control of these three TGF-b isoforms.
HA has been detected in early foetal wounds in far larger concentrations over a longer period during healing than in late foetal wounds. It was observed that the HA content was much higher in early foetal than in late foetal wounds (Krummel et al. 1987; DePalma et al. 1989; Siebert et al. 1990) and that it persisted much longer than in late foetal wounds (Longaker et al. 1991a,b) , possibly reflecting the presence of higher levels of hyaluronidase in late foetal wounds (West et al. 1997) . There is evidence that HA is replaced by sulphated glycosaminoglycans (GAGs) during the early foetal to late foetal transition (Freund et al. 1993) . Addition of HA to early foetal wounds led to formation of much finer bundles of collagen fibres than in late foetal wounds (Iocono et al. 1998) . It is speculated that the known inability of HA to precipitate collagen in the form of coarse fibres at neutral pH ) is consistent with the fine structure of collagen fibres observed during early foetal healing (Iocono et al. 1998) ; sulphation of GAGs during late foetal healing provides, according to this hypothesis, conditions for effective precipitation of collagen, leading to deposition of coarser bundles of collagen observed during this later stage and associated with scarring.
Large differences in degree of wound contraction between early foetal and late foetal healing models have been reported. Provided that healing was being studied at a sufficiently early stage of the gestation period, investigators observed lack of contraction of untreated, excisional skin wounds in the rabbit; instead, significant wound expansion was documented in three rabbit studies (Ledbetter et al. 1991; Lanning et al. 1999 Lanning et al. , 2000 . At sufficiently late stages of the gestation period, or following appropriate manipulation, investigators reported healing with contraction in excisional skin wounds in the foetal rabbit (Lanning et al. 1999 (Lanning et al. , 2000 and foetal lamb models (Longaker et al. 1991a,b; Horne et al. 1992; Stelnicki et al. 2000) . Quantitative data obtained with an amphibian model showed that, prior to metamorphosis (tadpole stages), the contribution of contraction to skin wound closure continuously increased at the expense of regeneration while scar formation was negligible; after metamorphosis (frog), contraction dominated over scar formation while regeneration was undetectable (Yannas et al. 1996) . The amphibian trend is consistent with the available mammalian data. Since, there is considerable evidence that fibroblasts that have expressed the a-smooth muscle actin phenotype (myofibroblasts) are largely responsible for wound contraction in adult wounds (see discussion above) it is worth looking for a changing role for MFB during the early foetal to late foetal transition. Myofibroblasts were, in fact, identified in excisional skin wounds in the foetal lamb that closed by contraction (Longaker et al. 1991a,b) or by scar formation (Cass et al. 1997) but not in wounds that healed with no scar formation (Cass et al. 1997) . Absent in wounds made at an early gestation stage, MFB were observed in increasing amounts at later gestation times in the foetal lamb model (Estes et al. 1994) .
A much more systemic view of the early foetal to late foetal healing transition is based on the hypothesis that loss of the regenerative activity is closely associated with concomitant development of the immune system (Harty et al. 2003; Mescher & Neff 2005) . This concept is consistent with recognition that the vertebrate immune system has evolved with two functions that are closely associated, both being related to the defence of the organism against trauma. Following severe trauma of the skin, for example, the resulting large wound simultaneously facilitates massive infection and rapid loss of bodily fluids, seriously threatening survival of the organism by either of these pathways. The adult organism resists infection with its immune system and closes open wounds by contraction and scar formation (see above). Neither of these two protective functions is fully developed in the early foetal stages. In this viewpoint, the emergence of the immune system spawns not only several defence mechanisms directed against a variety of antigens but also the inflammatory response to injury. Development of immunocompetence in the late foetal stages coincides, therefore, with development of the adult-like inflammatory response that blocks wound closure by regeneration and favours closure by contraction and scarring. Several phenotypes of the immune response that are related to the inflammatory response, e.g. growth factors and cytokines released by antigen-presenting cells and lymphocytes, have been reviewed (Mescher & Neff 2005) .
The two views of the ontogenetic transition in healing response that eliminates regenerative activity appear to be complementary. The first view, based on the expression of phenotypes that characterize the classical inflammatory response, appears to be a local version of a systemic phenomenon. For example, the amplified and prolonged presence of TGF-b1 and -b2 that appears to control, at least in part, the loss of regenerative activity (see above) may be related to the increased density of T lymphocytes observed in foetal wounds treated with TGF-b, suggesting that the foetus mounts an attenuated T lymphocyte response compared to the adult (Adolph et al. 1993) .
A great deal of work needs to be done to identify hypothetically common pathways by which the healing response and the immune response are expressed. One approach could be based on the observation that HoxB13, a member of the highly conserved family of Hox transcription factors, is downregulated during the early foetal stages, when healing occurs by regeneration, but not in later stages (Stelnicki et al. 1998; Mack et al. 2003; White et al. 2003) . In a related approach, data from RNA differential display of samples from scarless wound healing in a foetal model have been used to identify novel genes differentially expressed during healing (Darden et al. 2000; Li et al. 2000; Soo et al. 2002) . In one study, the data have suggested that downregulation of the CCT chaperonin in scarless wound healing may inhibit differentiation of myofibroblasts, the primary cell type involved in contraction (see above), by preventing folding of sufficient a-smooth muscle actin units to form the stress fibres characteristic of these cells (Darden et al. 2000) .
MAJOR DIFFERENCES BETWEEN INDUCED REGENERATION IN ADULTS AND EARLY FOETAL HEALING
Let us summarize briefly the major conclusions that were reached in the preceding sections. A study of the phenomenology of spontaneous healing in several organs led to the conclusion that a healing process can be viewed as the outcome from just three processes, contraction, scar formation and regeneration. Of the three processes, contraction (rather than scar formation) is the clearly dominant process for spontaneous wound closure in adult experimental models (typically in rodents; much less so in humans). Three organs, namely skin, the conjunctiva and peripheral nerves, have been induced to regenerate, at least partially, using grafts synthesized as porous scaffolds with highly specific structure (regeneration templates). Scaffolds with regenerative activity have blocked contraction effectively in each of the three organs. Blocking of contraction, orginating in the stroma, appears to be required (but does not suffice) to induce regeneration and to abolish scar. Mechanistic pathways to induced regeneration have focused on two mechanisms, both of which lead to, at least partial, blockade of contraction:
In the first, the scaffold downregulates the number of contractile fibroblasts (myofibroblasts); in the second mechanism, myofibroblasts end up being bound on specific ligands on the extensive specific surface of a Induced organ regeneration I. V. Yannas 413 template, an event that reduces the contractile forces collectively generated by MFB in the wound. Two lines of evidence suggest a more extensive comparison between induced regeneration in adults and early foetal healing. In both cases, healing results in some form of organ regeneration under conditions that are largely free of contraction. On the other hand, the early foetal model leads to apparently complete recovery while induced regeneration in adults has so far led to imperfect recovery of physiological organs.
The outcomes of the two healing processes are compared first. In two organs studied so far in some detail (skin and peripheral nerves), the outcomes of induced regeneration processes, at their current state of development, have been imperfectly physiological organs. One may ask whether these instances of induced regeneration in adults can be modelled as imperfect analogues of early foetal healing. An analogue of imperfect skin regeneration in a foetal model has been described: An intermediate stage of healing of the lips of the rhesus monkey foetus, labelled 'transition wound' by the authors, was characterized by regeneration of a normal reticular dermal collagen pattern, i.e. no scar formation, but also lacking skin appendages (Lorenz et al. 1993) . The morphological description of skin that was imperfectly induced to regenerate following use of the DRT suggests that regenerated skin differed clearly from scar and resembled normal skin, in the structure of the dermis, basement membrane and the dermal-epidermal junction; however, it differed from physiological skin in its absence of appendages. Basing ourselves on the early observations with foetal healing (Lorenz et al. 1993) , we tentatively describe the process of induced skin regeneration in the adult as the result of 'transition healing'. This line of reasoning suggests that during induced skin regeneration using the DRT, the spontaneous adult healing processes (similar in outcome to those during late foetal healing) were blocked insufficiently by the template to induce their total, rather than partial, reversion to early foetal healing. Nevertheless, the partial reversion of adult healing to early foetal healing suggests a plasticity in the developmental process that has not been previously obvious. Somewhat speculatively it can even be hypothesized that the foetal response is a sort of 'default setting' for healing processes in the organism and that the foetal setting is partially reactivated when the adult setting is appropriately blocked.
Let us now consider the pathway followed during induced regeneration in the two modes of healing. As described above, during induced regeneration processes in skin that are controlled by a template, the contractile cells (myofibroblasts) have expressed the a-smooth muscle actin phenotype; they are, however, much fewer and their contractile axes are much less well oriented in the plane than in models of spontaneous adult healing by contraction and scar formation. The template works by reducing contractile cell density and by cancelling the scale-up of the contractile force of individual cells to the macroscopic level that suffices to close the wound. In contrast, in two independent studies of early foetal healing (no scarring), the a-smooth muscle actin phenotype was absent, appearing at a later stage of gestation (late foetal healing) when healing occurred with scarring (Estes et al. 1994; Cass et al. 1997) . Clearly, induction of regeneration in the adult model by the template was not achieved by a pathway characteristic of regeneration during early foetal healing: rather than blocking expression of the contractile phenotype the template thwarted the function of contractile fibroblasts. Since the blocking action occurs so far downstream, the regenerative activity of the template reminds of the activity of many enzymes or pharmacological agents. In fact, the progressive loss in contraction-blocking activity with gradual increase in average pore size in the template (which corresponds, as described above, to gradual reduction in ligand density and in number of cells bound on the template) suggests that contraction-blocking can be 'dosed'.
Finally, a question that is posed by the comparative data from studies of induced regeneration in adults and from studies of early foetal healing is the contribution of stem cells in each healing mode. Recent evidence has been accumulating that skin wounding recruits adult bone marrow cells to the site of injury (Badiavas et al. 2003; Fathke et al. 2004) . In one study it was shown that multi-potent stem cells, present in a bone marrow preparation that had been topically applied to skin wounds, became differentiated into myofibroblasts (Yamaguchi et al. 2005) . The evidence is still sparse and does not lead to firm conclusions. Nevertheless, stem cell recruitment following wounding, together with the synthesis of more active scaffolds, present new variables that should accelerate the effort to induce organ regeneration in adults.
